In this study, a grazing-incidence X-ray scattering (GIXS) formula was derived for lamellar structures formed in thin films supported on substrates, and a comprehensive numerical analysis was performed using the scattering formula. A quantitative analysis was conducted of lamellar structures formed in nanometre-scaled thin films of a brush polymer, poly[oxy(n-decylthiomethylenyl)ethylene], supported on silicon substrates, by GIXS measurements during cooling and subsequent heating, and data analysis was performed using the scattering formula. This analysis provided details (long period, sub-layers and their thicknesses, volume fraction, bristle paracrystal distortion factor, and orientation) of the lamellar structure with varying temperature that are not easily obtained using conventional techniques. Moreover, a molecular structure model and electron density profiles were established. ‡ J. Yoon, K. S. Jin and H. C. Kim contributed equally to this work. research papers J. Appl. Cryst. (2007). 40, 476-488 Jinhwan Yoon et al. Lamellar structures in brush polymer thin films 477 Figure 1 Chemical structure of the poly[oxy(n-decylthiomethylenyl)ethylene] (PODTE) brush polymer used in our study. research papers J. Appl. Cryst. (2007). 40, 476-488 Jinhwan Yoon et al. Lamellar structures in brush polymer thin films 485
Introduction
Brush polymers (i.e. comb-shape polymers or polymers bearing side chains) have received much attention from both academia and industry because of their potential applications in microelectronic devices (Plate & Shibaev, 1987; MacArdle, 1989; Lee et al., 1997) , flat-panel display devices (Chae et al., 2003; Lee, Jung et al., 2004; Hahm, Lee, Suh et al., 2006; Hahm, Lee, Chang et al., 2006) , optical and optoelectronic devices (Dumon et al., 1990; Poths et al., 1991; Weilepp et al., 1999) , adhesives (Koberstein et al., 1998; de Crevoisier et al., 1999; Cho, Cho, Yoon et al., 2003) and gas-separation membranes (Paul & Yampolskii, 1994; Lee et al., 1997) . In fact, aliphatic polymers bearing n-alkyl side chains were first described as brush polymers in the 1940s (Rehberg & Fisher, 1944; Kaufman et al., 1948; Wiley & Brauer, 1948) . Interestingly, the brush polymers revealed self-assembly behavior in the n-alkyl side chains (i.e. bristles). Because of their potential applications and interesting self-assembly characteristics, much research effort has been devoted to synthesizing new brush polymers and investigating their structures and properties (Jordan, Artymyshyn et al., 1971; Jordan, Feldeisen & Wrigley, 1971; Magagnini et al., 1980; Yokota & Hirabayashi, 1986; Plate & Shibaev, 1987; MacArdle, 1989; Dumon et al., 1990; Poths et al., 1991; Andruzzi et al., 1994; Paul & Yampolskii, 1994; Inomata et al., 1996; Tsiourvas et al., 1997; Lee et al., 1997; Koberstein et al., 1998; de Crevoisier et al., 1999; Weilepp et al., 1999; Callau et al., 2002; Chae et al., 2003; Cho, Cho, Yoon et al., 2003; Lee, Jung et al., 2004; Qin et al., 2003; Park et al., 2004; Hahm, Lee, Suh et al., 2006; Hahm, Lee, Chang et al., 2006) . Most work on the structures and properties of brush polymers has been performed on bulk and fiber specimens. In particular, to investigate the structure of the polymers, conventional transmission X-ray scattering has been widely used.
Since brush polymers are widely used in microelectronic, optical and optoelectronic devices, as well as in advanced adhesives and gas-separation membranes, it is indeed important to investigate their structure and surface properties in film form. In particular, the structure of the polymer thin film may differ from that of the bulk material, because the molecular configuration and structural order may be affected by both the substrate-polymer and the polymer-air interfaces. Nevertheless, limited work has been done on such brush polymer thin films to date Henn et al., 1996; Elben & Strobl, 1993; Cho, Cho, Yoon et al., 2003) . For the structural analysis of the polymer thin films, conventional transmission X-ray and neutron scattering (TXS and TNS) have been considered, but neither technique is applicable because of their low sensitivity and resolution, which arise when scattering volumes are low and when the substrates are much thicker than the film . Thus, X-ray reflec-tivity (XR) and atomic force microscopy (AFM) have been used to examine the structure and orientation of brush polymers in thin films Henn et al., 1996; Elben & Strobl, 1993; Cho, Cho, Yoon et al., 2003) . From the XR analysis, one can obtain the film thickness and roughness of the film at the substratepolymer and polymer-air interfaces, as well as the electron density profile along the film thickness. However, the XR technique cannot provide structural information in the film. AFM is also a very powerful tool for examining the surface topography of films, but is incapable of investigating structures beneath the film surface. In addition, electron microscopy techniques such as transmission and scanning electron microscopy (TEM and SEM) have been widely used to explore structures in thin films Yang et al., 2006) . However, TEM and SEM are destructive methods, particularly in the preparation of sample specimens, so extreme care is required to avoid damaging the samples. This drawback is especially problematic for thin films fabricated from soft or polymeric materials. Therefore, a non-destructive method is required for the quantitative structural analysis of brush polymer thin films on substrates in the out-of-plane and in-plane directions of the film. Furthermore, it is necessary to understand the relation between the structure and temperature, because brush polymers undergo thermal transitions. Thus, variable-temperature measurements are needed to elucidate the temperaturedependent structure of the films.
Recently, grazing-incidence X-ray scattering [GIXS; smalland wide-angle grazing-incidence X-ray scattering (GISAXS and GIWAXS)] has emerged as a very powerful technique for characterizing both surface structures and internal structures in supported thin films (Sinha et al., 1988; Rauscher et al., 1995; Holy et al., 1999; Tolan, 1999; Lazzari, 2002; Omote et al., 2003; Busch et al., 2006; Chung et al., 2006; Park et al., 2005) . This technique offers several important advantages over TXS and TNS: (i) a highly intense scattering pattern with high statistical significance is always obtained, even for films of nanoscale thickness, because the X-ray beam path-length through the film plane is sufficiently long; (ii) there is no unfavorable scattering from the substrate on which the film is deposited; and (iii) easy sample preparation. However, the use of the GIXS technique is only possible in conjunction with scattering theory development and intensive data analysis, because grazing-incidence scattering is complicated by reflection and refraction effects (Sinha et al., 1988; Holy et al., 1999; Tolan, 1999; Lazzari, 2002; Busch et al., 2006) that are not found in conventional TXS and TNS. Owing to these complexities of GIXS data analysis, the full power of GIXS in the characterization of structures in thin films and nanostructure systems has been limited.
In this study, we developed a GIXS formula for the quantitative analysis of lamellar stack structures formed in polymer thin films, and used it to characterize two-dimensional GIXS patterns measured for lamellar structures in nanometre-scaled thin films of the brush polymer poly[oxy(n-decylthiomethylenyl)ethylene] (PODTE) ( Fig. 1 ). We fabricated lamellar stack structures of PODTE in thin films by spin-coating a solution of the brush polymer on silicon substrates followed by a subsequent drying step, and then carried out synchrotron GIXS measurements on the films with varying temperature. In addition, differential scanning calorimetry (DSC) analysis was conducted on the lamellar stack structures of PODTE in thin films. In fact, lamellar stack structures are one of the most common morphological structures observed in polymer films, including those of brush polymers, and are even observed in bulk polymer samples. However, no quantitative two-dimensional GIXS analysis, or even TXS and TNS analysis, has been performed on such lamellar stack structures in polymer thin films and bulk samples. Only limited, qualitative scattering analyses have been carried out with scattering profiles extracted along the direction of the lamellar stacking (Factor et al., 1991; Roe, 2000; Lee, Shin et al., 2003 Ruland & Samrsly, 2004; Al-Hussein et al., 2005) . In the present study, two-dimensional GIXS measurements and a quantitative data analysis using the derived GIXS formula provide, for the first time, the comprehensive structure and orientation details of the lamellar stacks formed in the thin films of the PODTE polymer, details of a brush polymer that cannot be obtained by conventional scattering and microscopic methods. Furthermore, this study provides a molecular structure model and electron density profiles.
Theory
The intensity of GIXS (I GIXS ) from a thin film can be expressed by the scattering formula derived recently :
where Im(q z ) = |Im(k z,f )| + |Im(k z,i )|, Re(x) is the real part of x, d is the film thickness, R i and T i are the reflected and transmitted amplitudes of the incoming X-ray beam, respectively, and R f and T f are the reflected and transmitted amplitudes of the outgoing X-ray beam, respectively. In addition, q jj ¼ ðq 2 x þ q 2 y Þ 1=2 , q 1,z = k z,f À k z,i , q 2,z = À k z,f À k z,i , q 3,z = k z,f + k z,i , and q 4,z = À k z,f + k z,i ; here, k z,i is the z component of the wavevector of the incoming X-ray beam, which is given by k z;i ¼ k o ðn 2 R À cos 2 i Þ 1=2 , and k z,f is the z component of the wavevector of the outgoing X-ray beam, which is given by
, is the wavelength of the X-ray beam, n R is the refractive index of the film given by n R = 1 À + i with dispersion and absorption , i is the out-of-plane grazing incident angle of the incoming X-ray beam, and f is the out-of-plane exit angle of the outgoing X-ray beam. q x , q y and q z are the components of the scattering vector q. I 1 is the scattering intensity of the structure in the film, which can be calculated kinematically.
In equation (1), I 1 is the scattering intensity from the structure (i.e. scatterers and their ordering) in the film, and thus can be expressed by the following equation (Pedersen, 1994; :
where P(q) is the form factor of the scatterers that describes the shape, size and orientations of the scatterers, and SðqÞ is the structure factor that provides information on the positions of the scatterers such as the crystal lattice parameters, orientation, dimension, and symmetry in an ordered structure and the inter-distance of the scatterers in the case of an isotropic colloid-like system. To analyze quantitatively lamellar structures formed in PODTE thin films, we have considered possible models, including the Hosemann paracrystal model (Hosemann & Bagchi, 1962) , the Ciallé model (Liu & Nagle, 2004) and the modified Ciallé model (Pabst et al., 2000) . As a result, we have found that the paracrystal model is most suitable for the lamellar structures formed in PODTE thin films of our study (Fig. 2 ). For an ordered layer lattice with dimensions of L 1 , L 2 and L 3 , the form factor P(q) can be expressed as follows (Zheng et al., 1989) :
where q x , q y and q z are the components of the scattering vector q, and is the angle between the a 1 and a 3 components of the lattice vector a (see Fig. 2 ). In this study, the lattice dimension is assumed to be identical to the inter-lattice distance: namely, L 1 = L 2 = d r and L 3 = h, where d r is the lateral inter-distance of the lattices of a lamella and h is the thickness of one layer (in fact, a less ordered or disordered lateral part) in the lamella defined by a long period d 3 (Fig. 2) . For a paracrystalline system, as proposed by Hosemann & Bagchi (1962) and refined by Blundell (1970a,b) , the structure factor S(q) (the so-called interference function or lattice factor) can be determined from the Fourier transform of a complete set of lattice points. In the paracrystal model with distortion of the second kind, its lattice points are no longer fixed at certain positions, but instead described by a positional distribution function. In the simple case, where the auto-correlation function of a crystal lattice is given by the convolution product of the lattice point distributions along the three vector component axes, and the distribution function is Gaussian, S(q) can be expressed by the following equation (Shibayama & Hashimoto, 1986; Wilke, 1983) :
In the above equation, h and h are the thickness of one layer in a lamella, as defined above, and its deviation, respectively. The kth lattice factor Z k (q) is given by:
where Schematic representation of a paracrystalline lattice composed of lamellar-ordered molecules: a is the primitive lattice vector, which is defined by its components, a 1 , a 2 and a 3 , as shown in this figure; n is the vector of the lamellar orientation axis, which is parallel to a 3 ; d 3 is the long period between lamellae; h is the mean thickness of one layer in a lamella; d r is the lateral distance within a layer; is the angle between a 1 and a 3 ; ' is the polar angle between the n vector and the out-of-plane direction of the film; and Áa is the lattice positional fluctuation parameter. The subscript r denotes the direction transverse to a 3 . As an example, the molecules shown here in an extended chain in the lamellar structure assembly are PODTE molecules, which were investigated in this study.
where a k is the fundamental vector of the kth axis and q r ¼ ðq 2 x þ q 2 y Þ 1=2 . g rr , g rz , g zr and g zz are the components of the paracrystal distortion factor, which are defined as
where Áa k is the displacement of the vector a k shown in Fig. 2 ; for example, Áa 3r represents the displacement of the fundamental vector a 3 in the direction of r; here r denotes the direction transverse (normal) to a 3 . In the present study, anisotropic displacement is assumed and the domain orientation is accounted for numerically. For the lamellar structure with a given orientation, its fundamental vectors can be rotated and transformed using a rotation matrix. When the structure within a thin film is randomly oriented in-plane, but uniaxially oriented out-ofplane, the peak position vector q c of a certain reciprocal lattice point c* in the sample reciprocal lattice is given by
where R is a 3 Â 3 matrix for deciding the preferred orientation of the structure in the film, and q c,x , q c,y and q c,z are the x, y and z components of the peak position vector q c , respectively. Using equation (10), every peak position can be determined. As a result of the cylindrical symmetry, the Debye-Scherrer ring composed of the in-plane randomly oriented lattice point c* cuts an Ewald sphere at two points in the upper half of the sphere: q jj ¼ q c;jj AEðq 2 c;x þ q 2 c;y Þ 1=2 with q z = q c,z . In this respect, diffraction patterns with cylindrical symmetry can be easily calculated in q space. It is then convenient to determine the preferred orientation of known structures, and to analyze the anisotropic X-ray scattering patterns. However, since the q space in the GIXS patterns is distorted by refraction and reflection effects, the relation between the detector plane (expressed as the Cartesian coordinate defined by two perpendicular axes, i.e. in-plane exit angle 2 f and out-of-plane exit angle f ) and the reciprocal lattice points is needed. The two wavevectors k z,i and k z,f are corrected for refraction as k z;i ¼ k o ðn 2 R À cos 2 i Þ 1=2 and k z;f ¼ k o ðn 2 R À cos 2 f Þ 1=2 , respectively. Therefore, the two sets of diffractions that result from the incoming and outgoing X-ray beams, denoted by q 1 and q 3 , respectively, are given at the exit angles by the following expression:
where q c;z =k o > ðn 2 R À cos 2 i Þ 1=2 . In equation (11), the positive sign denotes diffractions produced by the outgoing X-ray beam, while the negative sign denotes diffractions produced by the incoming X-ray beam. The in-plane incidence angle 2 i is usually zero, so the in-plane exit angle 2 f can be expressed by the following equation:
Therefore, diffraction spots observed at the detector plane in GIXS measurements can be directly compared with those derived using equations (10)-(12) from an appropriate model, and thus analyzed in terms of the model.
Experiment
PODTE was synthesized according to a method reported previously (Lee et al., 1997) , and determined to have a number average molecular weight M n of 52 600 and a polydispersity index of 6.08 by using gel permeation chromatography calibrated with polystyrene standards. A PODTE solution (1.0 wt%) in chloroform was prepared and filtered using a disposable syringe equipped with a polytetrafluoroethylene filter of pore size 0.2 mm. The filtered solution was deposited on precleaned silicon substrates by spin-coating at 2000 r.p.m. for 30 s and subsequently dried on a hot plate of 323 K for 1 day under vacuum. The obtained PODTE films were determined to have a thickness of 93.8 nm by using a spectroscopic ellipsometer (model VASE, Woollam, Lincoln, NE, USA). GIXS measurements were carried out at the 4C1 and 4C2 beamlines (Bolze et al., 2002; Yu et al., 2005) at the Pohang Accelerator Laboratory (Ree & Ko, 2005) . The samples were measured at a sample-to-detector distance of 166 mm, using an X-ray radiation source of = 0.154 nm, and imaged using a two-dimensional CCD (Roper Scientific, Trenton, NJ, USA), as shown in Fig Geometry of GIXS: i is the incident angle at which the X-ray beam impinges on the film surface; f and 2 f are the exit angles of the X-ray beam with respect to the film surface and to the plane of incidence, respectively, and q x , q y and q z are the components of the scattering vector q.
axis goniometer equipped with a vacuum chamber. The incidence angle i of the X-ray beam was set at 0.20 , which is between the critical angles of the films and the silicon substrate ( c,f and c,s ). GIXS measurements were measured for the PODTE thin films as prepared. Furthermore, the GIXS measurements were carried out for the film samples cooled at 243 K and then continued during subsequent heating of the cooled samples with a heating rate of 10.0 K min À1 up to 373 K. Scattering angles were corrected according to the positions of the X-ray beams reflected from the silicon substrate interface with changing incidence angle i , and with respect to a pre-calibrated silver behenate (TCI, Japan) powder. Aluminium foil pieces were employed as semitransparent beam stops, because the intensity of the specular reflection from the substrate is much stronger than the intensity of GIXS near the critical angle. Data were typically collected for 15 s. Each measurement was collected for 15 s. In addition, DSC thermograms were measured under nitrogen atmosphere over the temperature range 193À433 K using a calorimeter (model DSC-220CU, Seiko instruments, Japan) calibrated with indium and tin standards. The heating and cooling rates were 10.0 K min À1 as used for the GIXS measurements.
Results and discussion

Numerical analysis
Using the GIXS formula derived in x2, the following numerical GIXS simulations were conducted for a thin film composed of lamellar paracrystals randomly oriented in the plane of the film, but uniaxially oriented out of the film plane, in order to understand the relationships between the structural parameters with respect to the resulting GIXS pattern. Representative results are shown in Fig. 4 .
Figs. 4(a) and 4(b) show I GIXS (q) profiles for a lamellar structure defined by the paracrystalline parameters d r = 0.45 nm, d 3 = 3.00 nm, h = 1.70 nm and = 90 , and various g factors. In this simulation, an anisotropic distortion is assumed, and therefore the value of the g factor is unique according to the displacement direction. For a small g 33 value of 0.03, many sharp peaks appear in the I GIXS (q) profile, which correspond to the characteristic diffractions of the lamellar structure ( Fig. 4a ). Here, these peaks are assigned to the (001), (002), (003), (004), (005) and (006) diffractions in the order of low to high q xy , whose relative scattering vector lengths from the specular reflection position are integer orders of the first peak. As the g factor increases, these diffraction peaks become noticeably weaker and broader (Fig. 4a ). In the case of the inplane GIXS profile along the 2 f direction, the diffraction peaks also become weaker and broader with increasing g rr factor (Fig. 4b) . These findings thus indicate that the anisotropic distortion causes the intensity amplitudes of the Bragg diffraction peaks to decrease and the broadness of the diffraction peaks to increase, and that these effects become much more severe for the higher-order diffraction peaks. In conclusion, the vectors of adjacent lattice cells vary in magnitude and direction because of the displacement of the lattice points from their proper positions, ultimately resulting in a loss of long-range order in the paracrystal. Therefore, this g factor analysis can provide an experimental basis to determine the degree of lattice distortion of a given paracrystalline system, and furthermore the lattice dimension parameters of such systems can be determined from the diffraction peak positions. Fig. 4(c) shows the influence of the ratio of h and d 3 ( = h/d 3 ) on the I GIXS (q) profile with g 33 = 0.05. In this work, we could define the volume fraction as the ratio . As can be seen in the figure, in the case of h = 1.50 nm and d 3 = 3.00 nm, i.e. = 0.5, the diffractions (002), (004) and (006) vanished, as indicated by arrows in the figure. When h is changed to 1.00 nm, i.e. = 0.33, the (003) and (006) diffractions disappeared. For h = 0.75 nm (i.e. = 0.25), the (004) diffraction disappeared. In contrast to these high-order diffractions, the (001) diffraction did not vary in intensity or position with changing h value. These simulation results collectively confirm that the ratio (= h/d 3 ) governs whether high-order (00l) diffractions are present and the intensities of those diffractions. Therefore, the quantitative analysis of the (00l) diffractions in measured GIXS data can provide an experimental basis to determine the volume fraction of a given paracrystalline system.
To obtain information on the orientation of the paracrystal lattice in a lamellar system from GIXS data, we attempted to simulate two-dimensional GIXS patterns using the above GIXS formula. As can be seen in Fig. 2 , the distribution of the orientation vector n with respect to the film plane is given by a function D('), where ' is the polar angle between the n vector and the out-of-plane direction of the film; for example, ' is zero when the n vector in the film is oriented normal to the film plane. To calculate the two-dimensional GIXS patterns, D(') should be represented by a numerical function. In relation to the distribution of the lattice orientation, D(') can generally be considered as a Gaussian distribution:
where ' and ' are the mean angle and standard deviation of ' from ', respectively. The observed scattering intensity I GIXS,' (q) is obtained by averaging I GIXS (q) over possible orientations of the lattice:
The second-order orientation factor O s can be defined as the following equation (de Gennes & Prost, 1993) :
When D(') is strongly peaked around ' = 0 (i.e. vertical alignment), cos ' = 1 and O s = 1. On the other hand, if the orientation is entirely random, hcos 2 'i = 1/3 and O s = 0. Thus, O s is a measure of the lamellar orientation.
Using these equations, we simulated two-dimensional GIXS patterns for a thin film consisting of a lamellar paracrystal lattice, by averaging I GIXS (q) with an orientation distribution function D('). Representative simulation results are shown in Fig. 5 . In these simulations, we fixed several parameters, d r = 0.45 nm, d 3 = 3.00 nm, h = 1.70 nm, = 90 , g 33 = 0.05 [paracrystalline distortion factor defined in equation (9)], g 3r = 0.05, g r3 = 0.5, g rr = 0.15, i = 0.20 and film thickness = 100 nm. Fig. 5(a) shows the two-dimensional GIXS pattern, where it is assumed that the n vector in the film is oriented normal to the film plane. Characteristic diffraction spots appear in the pattern with sharp peak shapes. When the n vector is randomly oriented within the film (Fig. 5d ), by contrast, the GIXS pattern consists of isotropic Debye-Scherrer diffraction rings rather than diffraction spots. Figs. 4(b) and 4(c) show two-dimensional GIXS patterns, which were simulated by averaging I GIXS (q) with an orientation function D('); for these simulations the same structural parameters as were used for the simulated GIXS patterns in Figs. 5(a) and 5(d) were employed, together with ' = 0 , ' = 10 [O s = 0.957, order parameter defined in equation (15)] and ' = 0 , ' = 20 (O s = 0.843), respectively. When the n vector has a Gaussian distribution, the simulated GIXS pattern reveals arcs rather than sharp spots, which are formed by linking the diffraction spots from the same family of lattice planes with a distribution in the orientation. With increasing ' value, the scattering arcs become more circular, and ultimately form rings with completely random orientation, as can be seen in Figs. 5(c) and 5(d ). These GIXS simulations confirm that this analysis method can provide information about the preferred orientation and the orientation distribution of the determined lamellar structure and, moreover, it can also be used to quantitatively characterize anisotropic GIXS patterns.
In conclusion, the above numerical analysis results collectively demonstrate that the GIXS technique is a very powerful Two-dimensional patterns of the I GIXS (q) profile, which were calculated with varying orientation distribution function D('). In these calculations, several parameters were fixed; d 3 = 3.0 nm, h = 1.70 nm, h = 0.15 nm, g 33 = 0.05, g 3r = 0.05, d r = 0.45 nm, g r3 = 0.5, g rr = 0.15, = 90 , i = 0.20 , film thickness = 100 nm, electron density of film = 200 nm À3 , electron density of substrate = 699 nm À3 and ' = 0 : (a) ' = 0 (O s = 1), (b) ' = 10 (O s = 0.957), (c) ' = 20 (O s = 0.843); (d ) the n vector is randomly oriented within the film. tool for the unambiguous determination of the structural parameters of lamellar structures in thin films.
Analysis of the GIXS data of PODTE thin films
DSC measurements were carried out on PODTE in order to obtain information on its thermal phase transitions. The measured DSC thermogram is displayed in Fig. 6 , and compared with those obtained for poly[oxy(chloromethylenyl)ethylene] (POCE) (which is the starting polymer in the synthesis of PODTE) and n-decane (which is the same as the alkyl chain in the bristles of PODTE).
As can be seen in Fig. 6 , PODTE exhibits a sharp endothermic transition over the temperature range 265À295 K, with a peak at 283.6 K. n-Decane also shows a sharp, strong endothermic transition in the range 223À273 K, with a peak at 246.5 K. n-Decane is known to form a triclinic crystal structure (Bond & Davies, 2002) , and thus the endothermic peak measured in our study is attributed to the melting of n-decane crystals, whose melting point T m and heat of fusion ÁH f are 246.5 K and 192.3 J g À1 (= 27.36 kJ mol À1 ), respectively. On the other hand, POCE exhibits only a single glass transition centered at 248.0 K (= T g , the glass transition temperature), indicating that POCE remains amorphous over the entire temperature range considered. Taking these DSC results into account, the sharp endothermic peak observed for PODTE can be assigned as the melting point of the crystals formed with n-decyl groups in the bristles of the PODTE polymer, whose T m and ÁH f are 283.6 K and 36.5 J g À1 (= 21.51 kJ mol À1 ), respectively. Surprisingly, T m is much higher (37.1 K higher) and the ÁH f value is much lower (155.8 J g À1 lower) than those of n-decane. Considering the chemical structure of PODTE, these surprising results might originate from the limited participation of the n-decyl end groups in the crystallization due to the limited mobility of the bristles linked to the polymer backbone. Furthermore, the observation that POCE undergoes a glass transition would lead one to expect that the PODTE polymer synthesized from POCE would also undergo such a transition. However, the DSC thermogram for PODTE did not contain a feature assignable to T g . In PODTE, the bristles are bulky groups and thus reduce the mobility of the polymer backbone, thereby increasing the glass transition temperature. Moreover, as discussed above, the bristles have a tendency to crystallize, and the crystallized bristles further reduce the mobility of the polymer backbone significantly. Therefore, the lack of a discernable glass transition in the DSC thermogram of PODTE might be due to the glass transition being very much weakened by the incorporated bristles, as well as possible overlap between the weakened glass transition and melting transition of the n-decyl groups in the bristles.
Taking the DSC results into account, the PODTE thin films supported on silicon substrates were further characterized in detail by GIXS. Fig. 7 shows representative two-dimensional GIXS patterns of a PODTE thin film of thickness 93.8 nm, which were measured during cooling from 303 to 243 K, and subsequent heating to 303 K. From these two-dimensional GIXS patterns, one-dimensional GIXS profiles (i.e. out-ofplane and in-plane scattering profiles) have been extracted from the two-dimensional GIXS patterns along the f direction at 2 f = 0 and along the 2 f direction at f = 0.20 , and these are plotted in Figs. 8(a) and 8(b) . In addition, onedimensional scattering profiles have been extracted from the two-dimensional GIXS patterns with azimuthal angle at a scattering angle of 20 , and plotted in Fig. 8(c) .
As can be seen in Figs. 7(a DSC thermograms of POCE, n-decane and PODTE. The measurements were carried out at a heating rate of 10 K min À1 under a nitrogen atmosphere.
Figure 7
Two-dimensional GIXS patterns measured at i = 0.20 for a PODTE thin film deposited on a silicon substrate at various temperatures: (a) 303 K; (b) 243 K, below T m (cooled from 303 K); (c) 293 K, the upper end temperature of the melting transition obtained by heating from 243 K. weak but broad scattering rings, one in the low scattering angle region and the other at a scattering angle of about 20 . These weak broad scattering rings are most likely the typical scattering characteristics of an amorphous polymer. In fact, as discussed above in relation to the DSC data (Fig. 6) , at 303 K, the PODTE polymer film is in the melt state. Therefore, the weak, broad scattering rings are attributed to the amorphous nature of the PODTE film at 303 K. Considering the chemical structure of PODTE (Fig. 1) , the inter-distance between the PODTE chains is much longer than that between the bristles of a PODTE polymer chain. Taking these facts into account, the scattering ring in the low-angle region can be assigned to the inter-distance between PODTE molecules, while the scattering ring in the high-angle region can be assigned to the inter-distance of the bristles in the PODTE polymer molecules. A similar GIXS pattern was observed when the cooled film was again heated to 303 K (data not shown).
For the PODTE thin film cooled to 243 K, below its T m (= 283.6 K), the measured two-dimensional GIXS pattern and the extracted out-of-plane and in-plane scattering profiles are presented in Figs. 7(b), 8(a) and 8(b) , respectively. Several strong scattering spots clearly appear along the f direction at 2 f = 0 ( Figs. 7b and 8a) , whose relative scattering vector lengths from the specular reflection positions are 1, 2, 3 and 4. Here, it is noted that the first and third spots are more intense than the second and fourth spots. The appearance of these scattering spots is an indication of the presence of layered structures stacked normal to the film plane. In addition, the scattering data show one broad scattering arc along the 2 f direction at f = 0 , whose peak maximum is around 2 f = 20 ( Figs. 7b and 8b) , which is assigned to the inter-distance of the bristles in the PODTE polymer molecules. From the twodimensional GIXS pattern, a scattering profile has been extracted with azimuthal angle at a scattering angle of 2 f = 20 (Fig. 8c ). In the scattering profile, the strongest scattering intensity appears at = 0 and 180 , indicating that the bristles are preferentially oriented perpendicular to the film plane. These scattering characteristics are consistent with a well developed lamellar structure (i.e. layer stacks), in which the lamellae are stacked along the direction normal to the film plane (namely, the orientation vector n lies normal to the film plane), and the bristles within the lamellae are laterally ordered, although the lateral packing order is relatively poor.
The out-of-plane and in-plane scattering profiles (Figs. 8a  and 8b) , which were extracted from the two-dimensional GIXS pattern measured at 243 K, can be satisfactorily fitted with the GIXS formula derived in x2. This GIXS analysis revealed that the PODTE film is composed of molecularly well assembled lamellar paracrystal stacks, where the paracrystals (i.e. bristle paracrystals) are uniaxially oriented perpendicular to the film plane but randomly positioned in the plane of the film. The determined structural parameters are summarized in Table 1 .
As listed in Table 1 , the mean long period (= d 3 ) of the lamellar stacks is determined to be 3.15 nm, and the mean lateral inter-distance (= d r ) of the bristle paracrystals within each layer is determined to be 0.44 nm. In particular, the determined d 3 value is larger than the length of the bristle in the fully extended conformation [which is estimated to be 1.625 nm from a molecular simulation performed using the Cerius 2 software package (Accelrys, San Diego, CA)], but nearly twice the length of the fully extended bristle. These results collectively indicate that the individual lamellae formed in the polymer film consist of the polymer backbone chain and two sets of the bristle paracrystals, where one set of the bristle paracrystals is linked to the top side of the polymer backbone and the other set is linked to the bottom side of the polymer backbone. Furthermore, these results indicate that the bristle paracrystals of one lamella make no interdigitation with those of the adjacent lamellae in the stack. In addition, the GIXS analysis found that each lamella consists of two sub-layers with different electron densities, and the thickness (h) of one sub-layer is 1.63 nm. The other sublayer thickness (d 3 À h) can be obtained from the determined d 3 and h values. Here, the question arises as to what causes the formation of two sub-layers of different electron densities within the lamella. To answer this question, we consider the crystallization characteristics of the bristles in the PODTE polymer, as discussed in relation to the DSC results above. In general, flexible backbone polymers containing long n-alkyl groups as bristles are known to form bristle crystalline structures (Jordan, Artymyshyn et al., 1971; Jordan, Feldeisen & Wrigley, 1971; Lee & Lim et al., 2002) . The outer parts of the long n-alkyl bristles can pack together and form a more ordered crystalline phase with higher electron density, while the inner parts of the bristles remain in a disordered conformation with lower electron density. Taking these facts into account, our observation of two sub-layers in the lamella of PODTE can be attributed to such crystallization characteristics of the n-decyl bristles linked to the polymer backbone. In our study, the determined h value can be assigned to either the more ordered (i.e. crystalline) layer thickness or the less ordered (amorphous) layer thickness of the lamellar stacks formed in the polymer film, according to Babinet's reciprocity (Roe, 2000; Lee, Shin et al., 2003; Lee & Shin et al., 2004) . To determine the phases of the sub-layers, we need to estimate the number of methylene units included within the crystalline layer of each lamella. The number of crystallizing methylene groups in the bristle of the PODTE polymer can be calculated from the ratio of the heat of fusion ÁH f of PODTE to that of the methylene group, according to a method reported in the literature (Jordan, Feldeisen & Wrigley, 1971 ). The PODTE polymer was determined to have ÁH f = 21.51 kJ mol À1 from the DSC measurements (Fig. 6) ; the methylene unit is known to have ÁH f = 3.07 kJ mol À1 (Jordan, Feldeisen & Wrigley, 1971) . Therefore, about seven methylene units in the outer part of the n-decyl group of the bristle are estimated to participate in the crystallization, forming the more ordered (crystal) layer, while the other three methylene units in the inner part of the n-decyl group remain in the less ordered layer of the lamella. The length of the seven methylene units forming crystals is estimated from a molecular simulation with the Cerius 2 software package to be 0.76 nm, which is much smaller than the determined h value. Furthermore, the twofold measure of the length is also smaller than the determined h value, but equal to the other sub-layer thickness (= d 3 À h). On the basis of the combined results of the GIXS analysis, conformation analysis and DSC measurements, we clearly assign the value determined for h as corresponding to the less ordered layer of the lamella. Here, the less ordered layer has an electron density lower than that of the other crystalline layer.
For the thickness h of the less ordered sub-layer in the lamella, the standard deviation h was determined to be 0.13 nm ( Table 1 ). The value of h reflects the characteristics of the interface between the less ordered sub-layer and the crystalline sub-layer of a lamella. When h = 0, the sub-layers in a lamella have a sharp interface. However, when h is large, the interface between the sub-layers contains large fluctuations, resulting in loss of the characteristic scattering peak height ratios in the GIXS pattern, particularly the out-of-plane one-dimensional GIXS profile. From the determined h value, the characteristic interfacial thickness t i can be obtained according to the relationship (Hashimoto et al., 1980; Sakurai et al., 1991) 
For the interface between the less ordered layer and the crystalline layer of each lamella in the PODTE film, t i is estimated to be 0.33 nm from the determined h value using the above equation. This t i value corresponds to the integral breadth of the smoothing function which characterizes the density profile across the interface between the less ordered layer and the crystalline layer of the lamella. Therefore, by combining the obtained t i value and the structural parameters (d 3 and h) determined above, a relative electron density profile across the lamella stack (i.e. z axis) in the PODTE film can be obtained. The obtained electron density profile is displayed in Fig. 9(a) . The GIXS analysis also revealed that the positional disorder of the bristle paracrystals in the lamellae along the direction perpendicular to the film plane (namely, the positional disorder along the out-of-plane projection) is very small: g 33 = 0.076 and g 3r = 0.061. Moreover, the mean orientation angle ' with respect to the out-of-plane projection is 0.0 and its deviation ' is only 2.3 , resulting in O s = 0.997 (the second-order orientation factor); it is also found that = 90.0 . These results collectively indicate that the PODTE film forms a lamellar stack structure in which each lamella consists of the polymer backbone chain linked with two sets of the bristle paracrystals oriented almost perfectly normal to the film plane. These results further indicate that there is almost no undulation at each lamellar surface. In comparison with the positional disorder along the out-of-plane projection discussed above, the positional disorder of the bristle paracrystals of the lamella in the film plane is relatively large: g r3 = 0.230 and g rr = 0.145. These relatively large g r3 and g rr values indicate that the bristle paracrystals of the lamellae in the PODTE film are poorly packed together in the film plane. Table 1 Structural parameters of the PODTE thin film, which were obtained by GIXS measurement and data analysis. Combining all the determined structural parameters, including the orientation factor and positional disorder, we can propose a molecular structural model for the lamellar stacks formed in the PODTE thin film supported on a silicon substrate (at 243 K), as shown in Fig. 9(b) . Each lamella is composed of two sets of bristle paracrystals linked to the top side and bottom side of a polymer backbone chain, where the individual bristle paracrystals have a fully extended molecular conformation oriented uniaxially normal to the film plane, but are laterally packed in an irregular manner rather than in a regular manner. Each lamella consists of two sub-layers, namely a crystalline layer and a less ordered layer. The crystalline layer is composed of a bilayer formed from the outer seven methylene units of the bristles with no interdigitation (Fig. 9b) .
Here it is noteworthy that the cooled film shows two additional scattering features (Fig. 7b) . One feature is the firstorder scattering spot in the f direction at 2 f = 0 , which has a circular scattering ring. However, such a circular scattering ring is not observed for the higher-order scattering spots. The other feature is a single broad scattering arc around 2 f = 20 at f = 0 , which has a circular scattering ring. The appearances of these circular scattering rings may be a result of the following two possible factors. The first factor is the presence of a distribution in the orientation vector n of the lamellae, arising from undulation of the lamellar surfaces. In this case, such circular scattering rings should appear on the first-order scattering spot as well as on the higher-order scattering spots, as predicted in the above scattering simulations (Fig. 5) . Thus, if any undulation is present in the lamellar surfaces, it will be very small. The second factor is a certain degree of nonuniformity in the molecular structure formed in the film. In the film fabrication process, the film was quickly cooled to 243 K and annealed at that temperature for only 30 min; these process conditions could potentially allow the formation of less ordered lamellar domains in addition to the formation of more ordered lamellar domains. In particular, in such less ordered lamellar domains, the polymer chains are poorly packed and oriented randomly, consequently giving rise to only the first scattering ring corresponding to the randomly oriented lamellar stacks, and a single additional broad scattering ring corresponding to the lateral packing of the bristles in the lamellae. Thus, our observation of such circular scattering rings indicates that, in the cooled film, less ordered lamellar domains with random orientation were formed as a minor morphological component, in addition to the well oriented, more ordered lamellar domains.
The cooled PODTE film was subsequently heated to 293 K, the end temperature of the melting endotherm (Fig. 6) , and then examined by GIXS. The measured two-dimensional GIXS pattern and the extracted out-of-plane and in-plane scattering profiles are presented in Figs. 7(c), 8(a) and 8(b), respectively. Compared with the GIXS pattern measured for the polymer film at 243 K, the scattering spots along the f direction at 2 f = 0 are broader and weaker in intensity, and shifted slightly to higher scattering angle, while the broad scattering arc around 2 f = 20 at f = 0 is also weaker in intensity and shifted slightly to the lower-angle region. Moreover, the scattering profile, which was extracted with azimuthal angle at a scattering angle of 2 f = 20 , clearly shows that the broad scattering peak is almost circularly isotropic (Fig. 8c ). These significant changes in the GIXS pattern indicate that the subsequent heating of the film to 293 K caused some disordering of the lamellar stacks, as well as melting of the bristle crystals. In the film at 293 K, the lamellar stacks are still present but their structural parameters are changed slightly, and furthermore, their population is significantly reduced because some fraction of the lamellar stacks was already melted.
The out-of-plane and in-plane scattering profiles can be satisfactorily fitted with the GIXS formula ( Figs. 8a and 8b) . The structural parameters, including the orientation factors and positional disorder, obtained in this data analysis are summarized in Table 1 , and compared with those obtained for the film at 243 K. The d 3 value becomes smaller and the d r Figure 9 (a) Relative electron density profiles along the z axis (i.e. the direction of the film thickness) in the PODTE thin film supported on a silicon substrate: d 3 is the long period of the lamellar stack; h is the thickness of the less ordered layer in a lamella; t i is the interfacial thickness defined in equation (16). (b) Molecular model of a lamellar structure formed in the PODTE thin film on a substrate. Each lamella is composed of two sets of bristle paracrystals linked to the top side and bottom side of a polymer backbone chain, where the individual bristle paracrystals have a fully extended molecular conformation oriented uniaxially normal to the film plane, but laterally packed in an irregular manner. Each lamella consists of two sub-layers, namely a crystalline layer and a less ordered layer; the crystalline layer is composed of a bilayer formed from the outer seven methylene units of the bristles with no interdigitation. value becomes larger, but the h value is almost unchanged, compared with those obtained for the film at 243 K. These results collectively suggest that the heating of the film to 293 K induces the melting of the crystalline layer in each lamella, resulting in a decrease in d 3 and an increase in d r . The decrease in d 3 may be due to a change in the molecular conformation of the n-decyl groups in the bristles and/or a certain degree of interdigitation in the conformationally changed n-decyl groups of the bristles.
The standard deviation h of the h value was found to be 0.23 nm, which is larger than that of the film at 243 K. From this h value, t i is estimated to be 0.58 nm, indicating that the interfacial thickness between the two sub-layers of each lamella in the film at 293 K becomes larger than that in the film at 243 K. Combining the obtained t i value and the abovedetermined structural parameters (d 3 and h), we generated a relative electron density profile across the z axis in the PODTE film, as shown in Fig. 9(a) .
The data analysis also determined g 33 = 0.160, g 3r = 0.140, g r3 = 0.360 and g rr = 0.220; all these values are larger than those obtained for the film at 243 K. These results indicate that, overall, the heating process causes a significant increase in the positional disorder of the bristles in the lamellae along a direction perpendicular to the film plane, as well as along a direction parallel to the film plane. However, the ' value and its deviation ' were determined to be 0.0 and 3.5 , giving O s = 0.992. The obtained O s value is only slightly smaller than that determined for the film at 243 K. In addition, the data analysis revealed that = 90.0 . These results collectively indicate that in the film at 293 K, the direction of the lamellar stacks is still well oriented along a direction normal to the film plane.
From the structural parameters determined above, we attempted to calculate the two-dimensional GIXS patterns using the GIXS formula. A two-dimensional GIXS pattern calculated for the film at 243 K is presented in Fig. 10(a) . In this calculation, we counted a contribution of 80% from the well oriented, more ordered lamellar domains, and a contribution of 20% from the less ordered lamellar domains with random orientation; here, the presence of both the more ordered lamellar domains as a major fraction, and the less ordered lamellar domains with random orientation as a minor fraction, was confirmed in the above analysis of the measured two-dimensional GIXS pattern. In the same manner, a twodimensional GIXS pattern was calculated for the film at 293 K, and the result is shown in Fig. 10(b) . The calculation counted a contribution of 20% from the lamellar domains and a contribution of 80% from the amorphous domains. These calculated scattering patterns compare well with the respective measured GIXS patterns shown in Figs. 7 and 10.
Conclusions
We have derived a GIXS formula for lamellar structures formed in nano-sized thin films supported on substrates. A comprehensive numerical analysis using the derived formula was performed for a lamellar structure in thin films formed on substrates. Furthermore, the derived scattering formula was applied to analyze the two-dimensional GIXS patterns measured for PODTE thin films supported on silicon substrates during cooling and subsequent heating. The quantitative analysis of the measured GIXS patterns using the derived formula was successfully demonstrated. Indeed, the analysis established that, in the thin film below its T m , the brush PODTE polymer molecules self-assemble as a fully extended chain via favorable lateral packing of the bristles in a fully extended conformation, forming well ordered lamellar stacks along a direction normal to the film plane. Above T m the polymer films showed amorphous characteristics. This analysis provided all the details (long period, sub-layers and their thicknesses, volume fraction, bristle paracrystal distortion factor, and orientation) of the lamellar structure with varying temperature that are not easily obtained using conventional techniques. Moreover, a molecular structure model and electron density profiles were established.
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